Growth and survival of Penaeus semisulcatus larvae were measured in factorial combinations of temperature (208, 238, 268, 298, and 328C) and salinity (28&, 29&, 32&, 34&, and 37&). Three experiments were maintained for 5 to 6 d, between late nauplius and first mysis stages. Salinity did not have a significant effect on growth or survival above 28&. At 28&, both growth rate and survival decreased (although the reduced survival occurred only at the lowest temperatures). While temperature had a substantial and regular influence on growth rate (larvae growing more rapidly at warmer temperatures), the effect on survival was not clear. In one experiment, there was significantly lower survival at the higher temperatures (328 and 298C); however, temperature did not affect larval survival at all in the other two experiments. The results were compared with six years of published data on temperatures and salinities in Albatross Bay, Gulf of Carpentaria, Australia, and indicate that naturally occurring salinities are unlikely to directly affect survival of P. semisulcatus larvae in that area. Summer temperatures regularly exceed 298C, raising the possibility (from the results of one experiment of three) that high temperatures may cause larval mortality in Albatross Bay. However, other published evidence indicates that such an effect is unlikely to have practical significance.
The distribution and abundance of Penaeus semisulcatus De Haan, 1844, larvae have been studied in the entire Gulf of Carpentaria, Australia (Rothlisberg and Jackson 1987) , and, at higher spatial resolution over a longer time period, in the Albatross Bay area of the northeastern Gulf (Jackson et al., 2001) . In both studies, a clear bimodal pattern of larvae abundance was found, with peak densities in late summer (January to March) and spring (July to November). The larvae were therefore found in a wide range of hydrological conditions, with temperatures ranging from 258 to 328C, and salinities ranging from 28& to 36&. However, over the six years of the Albatross Bay study, larval abundance often did not correlate well with estimated population fecundity. This suggested that interannual variation in larval mortality could be an important component of the interannual variation in recruitment success of P. semisulcatus (Jackson et al., 2001) .
The effects of salinity and temperature on larval survival and growth rate have been studied for many penaeids in the genera Penaeus and Metapenaeus (Preston, 1985a (Preston, , 1985b Chu and So, 1987; Shen and Kexing, 1996) . Because of its importance in aquaculture, Penaeus monodon Fabricius, 1798, has been well studied (e.g., Reyes, 1985; Cawthorne et al., 1983) . However, effects of salinity and temperature on the growth or survival of larval P. semisulcatus are unknown.
In this study, we investigated the combined effects of salinity and temperature on growth and survival of larval P. semisulcatus to determine whether these factors might influence mortality of P. semisulcatus larvae in the Gulf of Carpentaria.
MATERIALS AND METHODS

Experimental Apparatus
The experiments were conducted using the Larvatron (Jackson et al., 1992) . In the Larvatron, the experimental animals are held in 100 culture vessels (1.5-L bottles made of polyethylene terephthalate, PET). About 10% of the 1-L water volume is exchanged every 2 h, and algal food is added in amounts that maintain predefined cell densities. The experimental conditions (water type, salinity, temperature, or algal cell density) in each bottle are defined in a computer database (the CONDITIONS file) and are automatically monitored and maintained by the Larvatron computer. Jackson et al. (1992) described the Larvatron's construction and operation in detail.
Source of Larvae Used in Experiments
Gravid female P. semisulcatus were trawled from Albatross Bay, northeastern Gulf of Carpentaria, and airfreighted to the Cleveland laboratory (Crocos and Coman, 
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JOURNAL OF CRUSTACEAN BIOLOGY, 23(4): 819-826, 2003 1997). They were initially held in tanks (1 to 5 m 3 ) for at least one week, with natural light : dark cycle, to acclimatise. Temperature was 278 to 298C, and salinity was 30& to 35& during this period. The shrimp were then ablated unilaterally and placed in 100-L spawning tanks. They were fed frozen squid, mussels, and shrimp daily, and water was continually aerated and exchanged. Spawning usually occurred within 7 d, after which the female was removed. Eggs and nauplii were retained within the spawning tank by a 140-lm mesh screen protecting the tank outlet. Within 12 h after hatching, aeration and water exchange were stopped, and the nauplii were allowed to concentrate at the water surface for 30 min; they were then gently siphoned off for use in the experiments. The three experiments were conducted during November 1993, and May and August 1994.
Larval Feeding
The green flagellate Tetraselmis suecica (Kylin) Butcher (Chlorophyceae) (CS-187, CSIRO Marine Research Microalgal Culture Collection) was grown as a continuous culture, in late logarithmic growth phase, in a chemostat (Fig. 1) . The culture vessel was a sealed 20-L glass or clear, polycarbonate carboy, mixed with a magnetic stirrer and aerated. The pH was maintained at 7.8 to 8.0 by a pH controller that regulated the addition of carbon dioxide to the aeration supply. Autoclaved sea water was continually added by a peristaltic pump at a dilution rate of 30% d ÿ1 .
Nutrients (nitrate, phosphate, iron, trace elements, vitamins, in the same relative proportions as in f medium (Guillard, 1985) ) were pumped into the carboy every hour, at a rate producing final incoming nutrient concentrations 67% of standard f medium. Light intensity was 330 lmol photons m ÿ2 s ÿ1 Photosynthetically Available Radiation (PAR) in a 12 h light/12h dark cycle. The culture medium was continually harvested by positive air pressure (from the aeration) forcing the medium from the carboy. The continuous cultures were maintained for periods of up to six weeks without becoming contaminated by bacteria. If contamination occurred, cultures were restarted from axenic reserve stocks held in autoclaved f/2 medium at 208C, 30 lmol photons m ÿ2 s ÿ1 PAR in a 12 h light/12h dark cycle. Microalgal suspension was automatically fed to the larval cultures each time a culture bottle was processed by the Larvatron (about every 2 h). When the old culture water was removed, its algal cell density was assessed by an on-line fluorometer. The computer then calculated the amount of algal suspension that needed to be added to maintain the desired microalgal cell density in the bottle (in these experiments, 3.0 3 10 4 cellsÁmL ÿ1 ). The calculated amount of microalgal suspension was added to the replacement culture water by an electronic dosing pump. Nitrate and phosphate concentrations in the larval rearing vessels were monitored periodically, and were always low: nitrate was 0.37 to 1.81 lM, and phosphate was 0.18 to 0.36 lM. These concentrations were within the range measured in natural environments of Penaeus semisulcatus (Burford et al., 1995) .
A Larvatron CONDITIONS database was prepared that defined the factorial combinations of salinity and temperature to be studied. Five salinities (25&, 28&, 31&, 34&, and 37&) and five temperatures (208, 238, 268, 298, and 328C) were included, with four replicate cultures for each salinity-temperature combination. Three independent experiments were conducted over nine months.
To produce water of the required salinities, sea water from the laboratory's aquarium supply, salinity 32& to 35&, was filtered to 0.2 lm and stored in 2,000-L fibreglass tanks. Artificial sea salt (Tropic MarineÒ) was added to yield a final salinity of about 38&. The Larvatron produced the appropriate salinities in the experimental containers by diluting this brine stock with the appropriate quantities of glass-distilled water. EDTA (10 ppm) was added to both the brine and the distilled water. To test the precision of salinity control, salinity in the Larvatron bottles was measured daily with a laboratory salinometer calibrated against International Standard Sea Water.
For each of the three experiments, 100 newly hatched nauplii of P. semisulcatus were counted into each of the 100 Larvatron bottles, which were then filled to 1 L with sea water from the same source as the hatching tanks and mounted on the Larvatron. An automated acclimation procedure then adjusted larvae to their experimental temperatures and salinities. Final temperatures were reached after 2 h. Salinities were adjusted at 1& h ÿ1 , with the acclimation process taking up to 10 h. After acclimation, the normal Larvatron operation was begun and maintained until mysisstage larvae were visible during daily examinations of a subset of the 328C bottles (on the 5th day for experiment 1, and on the 6th day for experiments 2 and 3). Culture bottles were then removed from the Larvatron, and larvae were preserved in 5% buffered formaldehyde solution, to be later counted and staged. Survival was expressed as a percentage of the original number stocked. To summarise the stage of development achieved by a sample of larvae, a growth index (modified from Villegas and Kanazawa, 1980 ) was calculated as ( P A)/n, where n ¼ total number of surviving larvae, and A represents the larval substage (protozoea I, A ¼ 1; protozoea II, A ¼ 2; protozoea III, A ¼ 3; mysis I, A ¼ 4, etc). For example, if a sample contained 5 protozoea III and 10 mysis I, the growth index would be [(5 3 3) þ (10 3 4)]/ 15 ¼ 3.67.
Statistical analyses were performed using SAS software, version 6.11, procedures ANOVA (which included SNK tests) and GLM.
RESULTS
The actual salinity measured in the experimental containers differed from the salinity nominated in the CONDITIONS database, due to some mixing of the brine and distilled water within the Larvatron delivery system. The measured salinities were 28&, 29&, 32&, 34&, and 37&, 60.5&, compared with nominal salinities of 25&, 28&, 31&, 34&, and 37&.
In each experiment, the highest survival (in the most favourable conditions) was 75% or greater. However, the general pattern of survival differed in the three experiments. In experiment 1, larvae survived better at lower temperatures with little noticeable effect of salinity ( Fig. 2A) . On the other hand, in experiments 2 and 3 there seemed to be little effect of temperature on survival, except at the lowest salinities where fewer larvae survived at low temperature (Fig.  2B, C) . This was most evident in experiment 2 for the larvae at salinity 28& and 208C where none survived at all (Fig. 2B) .
Growth patterns were also very similar in the latter two experiments, which ran for 6 d each: at 208C, the average growth index was about 1 (that is, most larvae were at protozoea I), whereas at 328C, the average growth index was above 4 (larvae were at least at mysis I) (Fig. 3B, C) . In experiment 1, larval growth was less advanced, particularly at higher temperatures. This was because experiment 1 was allowed to continue for only 5 d, one day less than experiments 2 and 3. Average growth index was about 3 for both 298 and 328C (Fig.  3A) . Salinity seemed to have little effect on growth rate, except in experiment 3, where there was a clearly lower growth rate at 28& for all temperatures except 208C (Fig. 3C) .
The survival and growth data were analysed separately by general linear models. Because the effects of both salinity and (to a lesser extent) temperature appeared to be irregular, they were both analysed as categorical variables. Preliminary analyses indicated that this type of analysis explained more of the variation than treating either salinity or temperature (or both) as continuous variables. Experiment number was also included as a categorical variable.
Effects on Survival All three factors (salinity, temperature, and experiment number) had a highly significant effect on larval survival (Table 1) , although R 2 was only 0.334.
The parameter estimates, and their significance, indicate the nature of the effects on larval survival (Table 2 ). In each set of estimates, the significance of the effects of each of the various levels of a parameter are expressed by comparison with the final level; for example, the T value and its probability for the effect of experiment 3 is expressed by comparing it with experiment 1.
The effect of experiment number on survival was mainly due to experiment 3, when the survival was 18.2% higher than in experiment 1 (Table 2 ). There was no significant difference in survival between experiment 2 and experiment 1.
Because the three experiments resulted in quite different patterns of larval survival (Fig.  2) , a separate GLM analysis was calculated for each experiment. These analyses included temperature and salinity as categorical variables. In experiment 1, the effect of temperature was clear; lowest survival was at 328C and the nextlowest was at 298C. Survival at 208 and 268C were similar, and the highest was at 238C; at this temperature, 48.7% more larvae survived than at 328C (Table 3) . However, in experiments 2 and 3, temperature had no significant effect on survival of larvae. On the other hand, the effect of salinity on survival was consistent between the three experiments. Each time, significantly fewer larvae reared at 28& survived compared with those reared at 37& (from 14.4% fewer in experiment 1, to 28.6% fewer in Experiment 3- Table 3 ). The main contribution to the reduced survival at 28& is from the lowest temperatures: 208C in each experiment, and 238C in experiment 3 (Fig. 2) . There was no substantially significant difference in survival between any of the higher salinities (Table 3) .
Effects on Growth Growth index was affected to a greater degree by the experimental conditions, with R 2 ¼ 0.936. Experiment number, temperature, and salinity each had significant effects (Table 4 ). The nature of the effects on growth index was again investigated by examining the parameter estimates and their significance (Table 5) . Growth index in both experiments 3 and 2 was significantly greater than in experiment 1, because of the shorter duration of experiment 1. The effects of temperature were regular: slowest growth was at 208C, and growth index increased significantly at each higher temperature (although there was less increase at the highest temperature, 328C, than at lower increments). For salinity, the main difference was between 37& and 28&, where there was a reduction in growth index of 0.172; there was no significant difference between any of the other salinities (Table 5 ).
DISCUSSION
We found that salinity did not affect either growth or survival of Penaeus semisulcatus larvae above 28&. At this lowest salinity, there was a significant decrease in both growth rate and survival, although the reduced survival occurred only at low temperature. On the other hand, temperature affects growth strongly over all but the highest end of the range studied: larvae grow more rapidly at higher temperatures. However, growth at 328C was only marginally greater than at 298C; this suggests the growth rate of larval P. semisulcatus probably peaks near 328C. Finally, the question of whether temperature affects survival was not established conclusively; in the first experiment, the survival of larvae reared at 298 and 328C was clearly reduced, but this was not repeated in the second and third experiments.
These findings are consistent with other studies that have found penaeid larvae to be generally quite tolerant of variations in salinity (at least, those species with an estuarine or inshore juvenile phase-life cycle types 1 to 3; see Dall et al., 1990) . Shen and Kexing (1996) found Penaeus chinensis protozoeae were unaffected by salinity over the range 20-32&. Chu and So (1987) studied the salinity tolerance of Metapenaeus ensis from eggs to mysis III and found both survival rate and metamorphosis depended on moult stage. Eggs would not hatch below 20&, whereas some protozoea and mysis stages survived down to 10&. Penaeus monodon larvae seem to survive best at over 28& (Reyes, 1985; Parado-Estepa et al., 1993) . Preston (1985a, b) studied the combined effects of temperature and salinity on hatching, growth, and survival of larvae of several penaeid species. He found that maximum hatching and survival occurred at the temperature and salinity conditions under which spawning took place. He concluded that availability of food was more likely to influence mortality of larvae in natural populations than salinity or temperature.
Variation in Results Between Experiments
Although the second two of our salinitytemperature experiments gave similar results, in the first experiment the average survival was lower, and there was a significant effect of temperature on larval survival that was not repeated. This may have been due to genetic influences (because each experiment was based on sibling larvae from a different spawning), or perhaps differences in the physical condition of the spawner shrimp, or the eggs. The general fitness of penaeid larvae varies considerably between spawnings, and therefore D'Souza (1998) has recommended that studies measuring larval growth or survival should be repeated with at least three separate spawnings from different females. We followed this recommendation by performing three independent experiments.
We investigated another possibility, that the salinity/temperature conditions the spawners were originally caught in, prior to the experiments, may explain the differing responses (see Preston, 1985a, b) . However, no relationship was detected, probably because spawners were always held in the laboratory aquarium system under uniform conditions for several days of acclimatisation before spawning.
Part of the difference between our three salinity-temperature experiments was due to the different durations of the experiments: experiment 1 was stopped after 5 d, whereas experiments 2 and 3 ran for 6 d. The protocol we used for deciding when to stop the experiments was to look for mysis larvae in the 328C bottles each morning (mysis are easily distinguishable from protozoeae by their swimming behaviour, seen with the naked eye). Each experiment was stopped on the afternoon of the first day on which any mysis larvae were observed. In experiment 1, a small number of mysis larvae were present in only some of the 328C cultures on the fifth day; however, in the two subsequent experiments, no mysis larvae were seen until the sixth day. However, it is clear from the growth results that the larvae in experiments 2 and 3 were substantially more advanced after 6 d than the larvae in experiment 1 after 5 d, and that the larvae were probably growing at comparable rates in each of the three experiments. Hence, it was probably pure chance that some mysis larvae were not detected after 5 d in experiments 2 and 3.
Although the different durations of the three experiments has introduced additional variability into the results, it does not invalidate them; each experiment is an equally valid examination of the effects of salinity and temperature on larval growth and survival.
Implications of the Results for
Ecology of Larvae Jackson et al. (2001) measured surface and bottom salinity each month from 1986 to 1993 at an array of stations in Albatross Bay (northeastern Gulf of Carpentaria, Australia). The average salinity varied seasonally, with minimum levels in the wet season (January and February), usually about 31&; however, in 1988 the salinity did not drop below 34&, whereas in 1990 the minimum salinity at stations close to shore reached as low as 28&. Although the ambient salinity reached the critical value of 28& in one year of six, an impact on larval survival is still doubtful because temperature at that time was high: approximately 298C (Jackson et al., 2001, fig.  3 ). Therefore, we conclude that the growth rate or survival of larvae in Albatross Bay is rarely, if ever, affected by salinity. Water temperature in Albatross Bay normally ranges from 268C in winter to about 318C during summer (Jackson et al., 2001 ). Therefore, summer temperatures do reach values shown, in the first of our experiments, to cause larval mortality. However because the second two experiments did not confirm the larval mortality at these temperatures, it remains unclear whether temperature is likely to have a substantial direct effect on survival of P. semisulcatus larvae in Albatross Bay. In fact, the mid-summer maximum temperature in Albatross Bay does usually coincide with an annual drop in abundance of larvae, and this may be interpreted as circumstantial evidence for high-temperature-induced mortality. However, despite this, Jackson et al. (2001) argued against a strong causal relationship because the years with the warmest summers had high larval abundances, whereas the coolest summer also had the lowest larval abundance.
Finally, although winter temperatures in Albatross Bay are not low enough to affect larval survival directly, the strong relationship between growth rate and temperature will lead to higher mortality during winter because of continuing natural mortality during the extended duration of the larval phase. In winter (268C), larvae are growing approximately 25% slower than during summer (318C), and will therefore have proportionately greater exposure to predation and other risks. At the other extreme, the short larval duration in summer may effectively cancel out any small increase in mortality that might be attributed to direct temperature effects. This is the first study to investigate salinity and temperature effects on the growth and survival of larval P. semisulcatus. Although the results suggest the possibility that natural populations of this species in Albatross Bay may suffer summer mortality because of high temperature, other evidence indicates that any such effect is unlikely to have practical significance.
